INTRODUCTION
============

Matrix metalloproteinases (MMPs) are zinc-dependent endopeptidases, which are capable of degrading extracellular matrix proteins ([@gkr1308-B1],[@gkr1308-B2]). Recently, it was reported that a 20 nucleotide all purine sequence (M3Q) located in the 5′-untranslated region (5′-UTR) of the MT3-MMP mRNA forms an extremely stable intramolecular G-quadruplex that inhibits translation in eukaryotic cells ([@gkr1308-B3]). G-quadruplexes are nucleic acid secondary structures containing two or more planar stacked hydrogen bonded G-tetrads which are stabilized by the presence of certain monovalent cations ([@gkr1308-B4]). Guanine-rich sequences of both RNA and DNA can form G-quadruplex structures via hydrogen bonding between Watson--Crick and major-groove base edges ([@gkr1308-B4]). DNA G-rich sequences are prevalent throughout the entire human genome ([@gkr1308-B5; @gkr1308-B6; @gkr1308-B7; @gkr1308-B8; @gkr1308-B9]), especially in some of the key growth regulatory genes and oncogenes ([@gkr1308-B10; @gkr1308-B11; @gkr1308-B12; @gkr1308-B13; @gkr1308-B14]). However, a computational survey found G-quadruplex forming sequences to be enriched within mRNA processing sites ([@gkr1308-B15]) and in the 5′-UTRs of mRNAs of genes related to cancer ([@gkr1308-B16]). G-quadruplex motifs have been characterized in several naturally occurring RNAs ([@gkr1308-B3],[@gkr1308-B16; @gkr1308-B17; @gkr1308-B18; @gkr1308-B19; @gkr1308-B20; @gkr1308-B21; @gkr1308-B22; @gkr1308-B23]) and have been shown to have an inhibitory effect on translation ([@gkr1308-B3],[@gkr1308-B16],[@gkr1308-B20],[@gkr1308-B23],[@gkr1308-B24]). In particular, it has been shown that an RNA quadruplex motif (M3Q) located in the 5′-UTR of the MT3-MMP mRNA forms an extremely stable G-quadruplex structure and inhibits translation in eukaryotic cells when analyzed alone as well as in the context of the entire 5′-UTR ([@gkr1308-B3]). Despite the growing number of RNA quadruplexes being discovered, reports on their interactions with small molecules are few ([@gkr1308-B25; @gkr1308-B26; @gkr1308-B27; @gkr1308-B28]) even though other types of RNA secondary structures have been extensively studied in this regard for the purpose of drug development ([@gkr1308-B29]). Several small-molecule ligands have been reported to interact with DNA quadruplexes, on which they exert either a stabilizing or a destabilizing effect ([@gkr1308-B9],[@gkr1308-B30]). Many of these studies employed the cationic porphyrin, 5,10,15,20-tetra(*N*-methyl-4-pyridyl)porphyrin (TmPyP4), which was usually found to stabilize DNA quadruplexes *in vitro* as well as *in vivo* ([@gkr1308-B10],[@gkr1308-B13],[@gkr1308-B31; @gkr1308-B32; @gkr1308-B33; @gkr1308-B34]). Besides the quadruplex structures, TmPyP4 can also bind to several duplex DNA sequences with comparable affinities ([@gkr1308-B35],[@gkr1308-B36]). It was also reported that this ligand can unfold a bimolecular DNA quadruplex ([@gkr1308-B37]) but its effect on the stability of RNA quadruplexes is poorly understood at this time. In this report, CD spectrophotometry, 1D ^1^H NMR spectroscopy and gel electrophoresis convincingly demonstrate that TmPyP4 unfolds the extremely stable, 20 nucleotide RNA G-quadruplex forming sequence located in the 5′-UTR of the MT3-MMP mRNA. We also report the *in vivo* effect of TmPyP4 on translation of the MT3-MMP mRNA.

MATERIALS AND METHODS
=====================

RNA Purification
----------------

The RNA sequences 5′-rGAGGGAGGGAGGGAGAGGGA-3′ (M3Q) and 5′-rGAG[AU]{.ul}AG[U]{.ul}GAG[U]{.ul}GAGAG[A]{.ul}GA-3′ (mut-M3Q) were purchased from Dharmacon, Inc. RNA products were purified via denaturing 17% polyacrylamide gel electrophoresis (PAGE). Full-length products were visualized by UV shadowing and excised from the gel. The RNA was harvested via the crush and soak method by tumbling the crushed gel slices overnight at 4°C in a solution of 300 mM NaCl, 10 mM Tris--HCl and 0.1 mM EDTA (pH 7.5). The RNA was isolated by ethanol precipitation followed by two 70% ethanol washes of the precipitate. The final RNA pellet was dissolved in 10 mM Tris--HCl and 0.1 mM EDTA (pH 7.5). RNA concentrations were determined on the basis of their absorbance value at 260 nm and appropriate extinction coefficients ([@gkr1308-B38]). The RNAs were folded in the presence of 100 mM KCl, 10 mM Tris--HCl and 0.1 mM EDTA (pH 7.5) by heating for 5 min at 95°C followed by cooling to room temperature over a 90-min period.

5′-Labeling of RNA oligonucleotides
-----------------------------------

The RNA was 5′-end labeled by treating with T4 polynucleotide kinase (Promega) and \[γ-^32^P\] ATP (Perkin Elmer). The reaction was stopped by the addition of an equal volume of stop buffer \[7 M urea, 10 mM Tris--HCl and 0.1 mM EDTA (pH 7.5)\]. The radiolabeled full-length RNA was isolated by 17% denaturing PAGE. The RNA was extracted from the gel via the crush and soak method as described above.

Native gel electrophoresis
--------------------------

5′-End-labeled M3Q RNA was folded as described above. After cooling, samples were incubated with various concentrations of TmPyP4 (Calbiochem) for 15 min at room temperature in the dark. The samples were then loaded on a native 10% gel and electrophoresed at 4°C, dried on Whatman paper and exposed to a phosphorimager screen. The gel images were visualized by scanning the screen on a Typhoon Phosphorimager 8600 (Molecular Dynamics).

Circular Dichroism
------------------

All measurements were recorded at room temperature using folded RNA samples (4 µM). Spectra were recorded using a Jasco J-810 spectrophotometer with a 0.1-cm cell at a scan speed of 50 nm/min with a response time of 1 s. The spectra were averaged over three scans and the spectrum from a blank sample containing only buffer was subtracted from the averaged data. After the collection of the initial spectrum, 1 µl aliquots of TmPyP4 in the same buffer as the RNA were added to the sample in the cuvette and was mixed several times before obtaining a new spectrum.

UV--visible spectroscopic analysis
----------------------------------

A concentrated sample of either M3Q or mut-M3Q folded in the presence of 100 mM KCl 10 mM Tris--HCl and 0.1 mM EDTA (pH 7.5) was titrated into a 4 µM sample of TmPyP4 (100 µl). The absorption spectra at different sample addition points were collected with a Cary 300 scan UV--Vis spectrophotometer (Varian) in the wavelength range from 350 to 500 nm using a 1-cm path length microcuvette. The concentration of free TmPyP4 was determined using an extinction coefficient of 2.26 × 10^5 ^M^−1 ^cm^−1^ and absorbance values at 424 nm ([@gkr1308-B39]). The titration was stopped when three successive additions of the M3Q RNA resulted in no further shift of the Soret band. All values were corrected for dilution effect. The fraction (α) of TmPyP4 bound was determined as follows: where Abs TmPyP4~free~ is the absorbance of the free TmPyP4 in the absence of any added RNA, Abs~mixture~ is absorbance at any point after the beginning of the addition of the RNA and Abs~bound~ is the absorbance of fully bound TmPyP4 measured at 424 nm (the Soret maxima for TmPyP4). Concentrations of free TmPyP4 (\[TmPyP4\]~free~) and the concentration of bound TmPyP4 (\[TmPyP4\]~bound~) were calculated as follows:

\[TmPyP4\]~bound~ = (\[TmPyP4\]~corrected~−\[TmPyP4\]~free~), where \[TmPyP4\]~corrected~ represents the concentration of TmPyP4 corrected for the change in volume that occurred due to the titrated RNA. The percentage of hypochromicity of the Soret band is calculated as follows:

NMR
---

1D ^1^H NMR spectra of M3Q were recorded at 37°C using a 750 MHz Varian spectrometer. A 300 -µl sample of 430 µM M3Q was folded in 20 mM potassium phosphate buffer, pH 7.0 and 8% D~2~O as described above. Aliquots of 55 mM TmPyP4 were added in 0.2 M equivalents and allowed to equilibrate for ∼1 min between acquisitions. Imino proton NMR spectra were collected at 37°C utilizing the Watergate 3-9-19 sequence ([@gkr1308-B41]) with sweep width of 20 ppm. Recycle delays of 2 s were employed between each of 128 scans. NMR spectra were processed and superimposed with iNMR (<http://www.inmr.net>) using the following parameters: a 40 Hz solvent filter was applied to clean up the residual water signal, the fid was apodized with a cosine^2^ function, linear predicted from 2 k to 3 k points, and zero filled to 4 k for Fourier transformation and automatic baseline correction in the frequency domain. During spectral comparison and plotting, the same scale was maintained for each spectrum to permit accurate comparisons of signal intensity.

Plasmid construction
--------------------

Plasmids p-M3Q and wt-UTR were constructed as previously described ([@gkr1308-B3]). The plasmid del-M3Q was constructed by using a QuikChange site-directed mutagenesis kit (Stratagene) where nucleotides 213--229 were deleted from the wt-UTR plasmid.

Cell culture
------------

HeLa cells were grown in 96-well plates in Dulbecco\'s modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum and the antibiotics streptomycin and penicillin at 37°C in 5% CO~2~ in a humidified incubator.

Dual luciferase assays
----------------------

HeLa cells were transfected with plasmids described above using Lipofectamine 2000 (Invitrogen) according to the manufacturer\'s protocol. Following incubation at 37°C for 2 h, each plate was supplemented with a final concentration of 0, 50 or 100 µM TmPyP4. Twenty-four hours after transfection, *Renilla* (RL) and firefly (FL) luciferase activities were measured using a Dual-Glo Luciferase assay system (Promega) as per the manufacturer\'s supplied protocol using a Synergy 2 microplate reader (BioTek Instruments). The ratio of *Renilla* to firefly luciferase activities was calculated for each plasmid. In each case, the value of the ratio obtained in the absence of TmPyP4 was normalized to 100%.

RESULTS AND DISCUSSION
======================

TmPyP4 unfolds an RNA G-quadruplex (M3Q) structure and inhibits its formation
-----------------------------------------------------------------------------

It has been previously shown that a G-quadruplex located in the 5′-UTR of MT3-MMP (M3Q) mRNA forms an extremely stable quadruplex structure and inhibits translation of a reporter gene in eukaryotic cells ([@gkr1308-B3]). The physiological processes related to up-regulation of MT3-MMP make it a target to find small molecules that could selectively interact with the M3Q motif and affect translation. To determine the effect of TmPyP4 on the folded M3Q G-quadruplex, several biochemical and biophysical techniques were utilized. As shown in [Figure 1](#gkr1308-F1){ref-type="fig"}A, the CD spectrum of folded M3Q in 100 mM KCl shows a peak at 263 nm and a trough at 240 nm, which is characteristic of a parallel RNA quadruplex ([@gkr1308-B3],[@gkr1308-B4]). Titrating increasing concentrations of TmPyP4 resulted in a decrease in the CD signal at 263 nm, reflecting a disappearance of the quadruplex structure presumably due to its unfolding. According to previously published results, at this concentration of K^+^, M3Q was unable to be unfolded even at a temperature as high as 95°C ([@gkr1308-B3]). Despite the extreme stability of this quadruplex structure under these conditions, it was remarkable that TmPyP4 was able to unfold M3Q. The possibility that the reduction in the CD signal could result from non-specific associations of the added ligand to the RNA and not due to a destabilization of the quaduplex was considered. To ensure that this was not the case and to distinguish between the two possibilities, CD spectra were taken at different wavelengths to check if there was a negative induced circular dichoism (ICD), but there was no evidence of such phenomenon indicating that the reduction at 263 nm was a direct effect of the quadruplex being destabilized ([Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkr1308/DC1)) ([@gkr1308-B42],[@gkr1308-B43]). The results from [Figure 1](#gkr1308-F1){ref-type="fig"}A at different concentrations of TmPyP4 were normalized and graphed against CD signal by assuming that the signal at 263 nm for M3Q in the absence of TmPyP4 corresponds to 100% folded while that at 100 µM TmPyP4 represented 0% folded. As shown in [Figure 1](#gkr1308-F1){ref-type="fig"}B, the data fit well with an exponential function which permitted interpolation for a value of TmPyP4 corresponding to that for 50% unfolding (11 μM). Additionally, the presence of 20 µM TmPyP4 prevents M3Q quadruplex formation when present during the folding of the G-quadruplex, as indicated by the complete lack of any structural features in the CD spectrum ([Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gkr1308/DC1)) ([@gkr1308-B42],[@gkr1308-B43]). A possible explanation for the lack of spectral features of a quadruplex structure when TmPyP4 is added before folding of the M3Q motif might be that TmPyP4 binds to the unfolded form of M3Q RNA ([@gkr1308-B44]) thus preventing the formation of the quadruplex structure. Figure 1.(**A**) CD spectra of 4 µM pre-folded (in 100 mM KCl) M3Q in the absence and presence of increasing concentrations of TmPyP4. The chemical structure of TmPyP4 is shown in the inset. The arrow defines the decrease in CD signal as a function of increasing TmPyP4 concentration. (**B**) Plot of calculated fraction folded versus TmPyP4 concentration.

To determine whether TmPyP4 can interact and influence the folding and subsequent migration patterns of M3Q RNA, native gel electrophoresis was performed. As shown in the first two lanes of [Figure 2](#gkr1308-F2){ref-type="fig"}A, M3Q has a greater mobility than a mutated version of this sequence (mut-M3Q) which has been previously shown not to form any structure ([@gkr1308-B3]). Since the two oligonucleotides have the same charge, the greater mobility of M3Q can be ascribed to formation of a quadruplex structure ([@gkr1308-B45]). Therefore, if TmPyP4 unfolds the M3Q quadruplex, then a species with lower mobility should be observed. At total concentrations of TmPyP4 from 5 to 50 μM, an RNA species emerges that has a lower mobility than mut-M3Q which may represent a complex of TmPyP4 with unfolded M3Q. It has been previously shown by the Fry group that the mobility of an RNA sequence that presumably adopts a quadruplex structure can be retarded by TmPyP4 ([@gkr1308-B45]). The mut-M3Q sequence shows no change in mobility in the presence of up to 50 µM of TmPyP4 indicating the specificity of the interaction between TmPyP4 and the M3Q sequence. The lower mobility of the M3Q band resulting in the unfolding of the sequence can be corroborated with CD experiments ([Figure 1](#gkr1308-F1){ref-type="fig"}), which indicate that the M3Q quadruplex is almost completely unfolded in the presence of 50 μM TmPyP4. In addition, the binding of TmPyP4 with unfolded M3Q was evidenced by spectral shifts of its Soret absorption band (see below). Interestingly, at concentrations of the ligand from 1 to 10 μM, a band with intermediate mobility was observed, which may reflect the existence of a transient, intermediate complex of TmPyP4 with partially unfolded M3Q. While this may be an intermediate structure, its exact identity cannot be established at this point. It should also be noted that the different levels of retardation in mobility of the M3Q band observed may also be due to binding of the cationic TmPyP4 molecule resulting in a diminished net negative charge on the RNA which would cause its lower mobility. Considering the prevailing dynamic, non-equilibrium experimental condition where RNA anions and TmPyP4 cations are being separated by electrophoresis, the cause of different lower mobilities cannot be determined unambiguously. Overall, the CD and native gel electrophoresis data suggest a change in nature of the M3Q quadruplex structure in the presence of TmPyP4 presumably due to unfolding of M3Q. Figure 2.(**A**) Native gel shift assay of M3Q (final concentration of ∼250 nM) in the absence and presence of increasing concentrations of TmPyP4. M denotes mut-M3Q. Concentrations used are 0, 1, 5, 10, 20 and 50 µM TmPyP4. (**B**) Native gel shift assay of mut-M3Q in the absence and presence of increasing concentrations of TmPyP4. M denotes the single stranded RNA marker mut-M3Q. Concentrations of TmPyP4 are the same as in A.

Proton NMR reveals unfolding of the M3Q RNA quadruplex
------------------------------------------------------

The disruption of the folded M3Q quadruplex structure in the presence of TmPyP4 was further established by ^1^H NMR. It has been shown that the imino protons from the Hoogsteen hydrogen bonding between the guanines of the tetrads in the quadruplex show distinct peaks from 10 to 12 ppm ([@gkr1308-B4]). [Figure 3](#gkr1308-F3){ref-type="fig"} shows the imino peaks from the tetrads in the M3Q quadruplex structure that are visible even at 37°C which still resulted in sharp imino peaks attesting to the extreme stability of the quadruplex structure; most RNA imino protons from bases engaged in Watson--Crick pairs, exchange broaden at about room temperature. Thus, the NMR data suggest the presence of a thermodynamically hyper-stable quadruplex structure at a biologically relevant temperature. TmPyP4 was titrated into the preformed M3Q RNA G-quadruplex in 0.2 equivalent portions and the spectra were taken immediately. Titration of this RNA with the TmPyP4 molecule resulted in accelerated imino exchange ([Figure 3](#gkr1308-F3){ref-type="fig"}) consistent with G-quadruplex structure melting. As the concentration of TmPyP4 is increased there is a reduction in intensity of the imino peaks until eventually there is a complete lack of signal while new signals appear upfield of the main cluster of iminos at substoichiometric levels. The new iminos\' appearance and disappearance of other imino signals is consistent with a ligand dissociation that is slower than the NMR time-scale. Such signal behavior is often seen with modest to higher affinity complexes with *K*~d~\'s typically \<20 µM ([@gkr1308-B46],[@gkr1308-B47]). These new peaks probably represent ring-current shifted iminos resulting from bound but not fully unfolded molecules ([@gkr1308-B48]). Because these resonances are upfield shifted, we would hypothesize that this ligand bound and partially unfolded state represents stacking of the TmPyP4 upon the G-tetrad ([@gkr1308-B49],[@gkr1308-B50]), although additional structure probing would be required to validate this notion. Several of the resonances in the anomeric proton region are present even at the highest concentration of TmPyP4. No visible precipitate was present at this highest concentration; this and the persistent signal from non-exchangeable protons suggest that the disappearance of imino resonances is not due to non-specific aggregation. Figure 3.NMR spectra of 0.42 mM M3Q titrated with TmPyP4. 1D 3-9-19 Watergate spectra were collected at 37°C. PAGE purified and dialyzed M3Q was pre-folded in NMR buffer (20 mM potassium phosphate, pH 7.0 and 8% D~2~O) and titrated with 0.2 M equivalent increments of 55 mM TmPyP4. Each experiment was collected for 5 min with 128 scans and 2-s recycle delays. The left portion of the spectrum shows the imino region, while the right shows a portion of the anomeric, i.e. H1′-region.

UV--Vis spectroscopy shows binding of M3Q to TmPyP4
---------------------------------------------------

The binding of M3Q and TmPyP4 was also monitored via UV--Vis spectroscopy. Folded M3Q was titrated into a solution of TmPyP4 and the Soret band was monitored as a function of M3Q concentration. As the concentration of M3Q was increased there was substantial hypochromicity (maximum 75%) as well as a rather unusually large bathochromic shift of 22 nm (from λ~max~ 424 to 446 nm), which is indicative of binding of TmPyP4 to the M3Q RNA G-quadruplex ([Figure 4](#gkr1308-F4){ref-type="fig"}) ([@gkr1308-B51]). A sharp isosbestic point was observed at 436 nm. When mut-M3Q was titrated, no shift or hypochromicity was apparent even after addition of up to five equivalents of TmPyP4, which suggests specificity of TmPyP4 interaction with the M3Q RNA ([Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gkr1308/DC1)). These results correlate well with the native gel electrophoresis data on the specificity of the interaction between M3Q and TmPyP4. Figure 4.Visible absorption spectra of TmPyP4 in the absence and presence of increasing concentration of pre-folded M3Q. The initial concentration of TmPyP4 was 4 µM (100 µl) to which 0.21 nmoles of the pre-folded M3Q RNA quadruplex was added in 0.5 µl increments. The experiment was performed at 100 mM KCl, 0.1 mM EDTA and 10 mM Tris--HCl (pH. 7.5). The arrow pointing downward indicates the decrease in the λ~max~ 424 nm of TmPyP4 with the addition of M3Q and the arrow pointing upward indicates the shifted Soret band.

Hypochromicity and a bathochromic shift of the Soret band reported previously were observed in cases of stabilization of the G-quadruplex structure ([@gkr1308-B51],[@gkr1308-B52]). An important aspect in case of destabilization is the fate of the Soret band after presumed disruption of the M3Q G-quadruplex structure. We observed that the Soret band shift remained unchanged even after destabilization of the M3Q quadruplex. Porphyrins are known to bind to single-stranded nucleic acids resulting in shift of the Soret band in the same amount and direction as the change when interacting with a nucleic acid secondary structure ([@gkr1308-B44],[@gkr1308-B53],[@gkr1308-B54]), which may explain the lack of change in shift of the Soret band even after the quadruplex structure was destabilized. Presumably the ability of TmPyP4 to prevent the M3Q quadruplex formation is due to the fact that it can bind to single-stranded RNA.

The mode of interaction between TmPyP4 and RNA quadruplexes is unknown, while the mechanism of interaction between DNA G-quadruplexes and the TmPyP4 is a point of debate in the literature ([@gkr1308-B25],[@gkr1308-B54],[@gkr1308-B55]). We observed a large bathochromic shift of the Soret band accompanied by a high percentage of hypochromicity by UV spectroscopy when the pre-folded M3Q RNA was titrated into a TmPyP4 solution. The large shift in the Soret band resulted from the transfer of the π-electrons from the purine bases to the pyrrole rings ([@gkr1308-B56]), suggesting stacking on the G-quadruplex or perhaps intercalation between the tetrads, both of which have been proposed in the literature ([@gkr1308-B25],[@gkr1308-B54],[@gkr1308-B55]).

It is important to note that the mechanisms of binding are for reported stabilization of the G-quadruplex structures due to TmPyP4 binding ([@gkr1308-B25],[@gkr1308-B54],[@gkr1308-B55]). However, here we report unfolding of an usually stable RNA quadruplex. Although the mode of recognition of this stable RNA quadruplex by TmPyP4 is unclear at this point, the unfolding detected by the various biophysical methods described above indicates that the interaction between TmPyP4 and unfolded and non-quadruplex form of M3Q is thermodynamically favorable. Previous reports have shown that TmPyP4 can bind to non-quadruplex nucleic acid forms. For example, it has been reported that TmPyP4 binds to various double-stranded DNA sequences with affinities that are similar to quadruplex DNA ([@gkr1308-B35],[@gkr1308-B36]), which raises the question on the selectivity of its binding. Additionally, the TmPyP4 can bind to single-stranded DNA with preference for sequences with stretches of guanines; however the particular mechanism of such interaction is still unknown.

TmPyP4 enhances translation activity of a reporter gene in live eukaryotic cells
--------------------------------------------------------------------------------

The possibility that TmPyP4 could unfold the M3Q motif in eukaryotic cells and affect translation efficiency was addressed by using a dual luciferase reporter construct in which the M3Q sequence was placed just before a *Renilla* luciferase gene, while the upstream firefly luciferase was under the control of a herpes simplex virus thymidine kinase promoter (p-M3Q, [Figure 5](#gkr1308-F5){ref-type="fig"}A). It has been shown previously that the quadruplex has an inhibitory effect on the translation of the *Renilla* mRNA in this particular plasmid ([@gkr1308-B3]). This plasmid was transfected in HeLa cells and incubated with 0, 50 or 100 µM TmPyP4, respectively for 24 h. The cells where inspected prior to the luciferase assay and no detectable change in the cell number or morphology in any of the treatment groups was observed. As can be seen in [Figure 5](#gkr1308-F5){ref-type="fig"}B, 50 µM TmPyP4 had a moderate effect on translation with an increase of 15 ± 4%. However, when the concentration of TmPyP4 was increased to 100 µM it had an increase of 35 ± 2% in translation. In order to increase translation of *Renilla* mRNA, the TmPyP4 would have to relieve the repressive effect of the quadruplex, presumably by destabilizing the quadruplex structure. It was also of interest to compare these results with those found from having the M3Q sequence in the context of the entire 282 nucleotide 5′-UTR of MT3-MMP mRNA (wt-UTR). A similar increase in activity would suggest that TmPyP4 is binding to the quadruplex embedded within the entire 5′-UTR and is modulating its activity. The entire 5′-UTR was placed in front of the *Renilla* gene and again assayed after the cells where incubated in the presence of 0, 50 or 100 µM TmPyP4, respectively for 24 h. As shown in [Figure 5](#gkr1308-F5){ref-type="fig"}B, the data for the two constructs correlate well with wt-UTR increasing activity 22 ± 4% in the presence of 50 µM of TmPyP4 and 37 ± 5% when the cells were treated with 100 µM TmPyP4. While evaluating the enhancement of translation by TmPyP4 it should be taken into account that the translation was repressed by the G-quadruplex alone (no ligand) by 55%. We performed qRT-PCR experiments that showed no change in mRNA levels ([Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gkr1308/DC1)) of the wt-UTR construct at 0 and 100 µM concentration of TmPyP4 which shows that the gain in activity was at the translational level. We then tested the effect of TmPyP4 on a mutant of wt-UTR in which the M3Q sequence was deleted (del-UTR). The strategy of using the deletion mutant as a control was based upon two previous independent reports ([@gkr1308-B26],[@gkr1308-B45]) where the quadruplex forming segment deleted to test the functional consequence of small-molecule G-quadruplex interactions. [Figure 5](#gkr1308-F5){ref-type="fig"}B shows that at concentrations up to 100 µM there is no increase in *Renilla* luciferase activity. The lack of any change in the level of translation of the deletion mutant can be explained by presuming that TmPyP4 is specifically disrupting the M3Q quadruplex *in vivo* to significantly mitigate its repressive effect on translation. Figure 5.(**A**) Schematic of dual luciferase bi-cistronic constructs ([@gkr1308-B3]). (**B**) Histogram showing percentage of activity of the translation of the *Renilla* gene as a function of TmPyP4 concentration.

The destabilization of the M3Q sequence by TmPyP4 is unprecedented
------------------------------------------------------------------

Until recently, the majority of reports have focused on the small-molecule interactions with DNA G-quadruplexes, however, the interactions between small molecules and RNA G-quadruplexes are barely understood. The studies on clearly established RNA G-quadruplexes interacting with small molecules reported stabilization of the quadruplex structure. Balasubramanian and coworkers have shown the stabilization and repression of translation in a eukaryotic cell-free system by targeting an RNA quadruplex located in the 5′-UTR of NRAS with a pyridine-2,6-*bis*-quinolino-dicarboxamide derivative ([@gkr1308-B26]). Neidle and coworkers have reported the interactions between tetrasubstituted naphthalene diimides among other ligands, and the telomeric RNA quadruplex forming sequence ([@gkr1308-B27]). Recently, Hartig and coworkers ([@gkr1308-B28]) also reported stabilization of designed RNA quadruplexes in the presence of bisquinolinium compounds.

In the current report, the interaction between the previously well-characterized quadruplex forming sequence, M3Q, and the known DNA stabilizing cationic porphyrin TmPyP4 is described. A variety of biochemical and biophysical data strongly suggest the destabilization of the very stable M3Q RNA G-quadruplex structure by TmPyP4, unlike most of the previous studies that reported stabilization of DNA quadruplexes in the presence of this small molecule ([@gkr1308-B25]). Interestingly, when we analyzed a DNA version of the M3Q sequence in the presence of TmPyP4 the quadruplex (T~m~ = 71 ± 1°C at 100 mM KCl, [Supplementary Figure 5A](http://nar.oxfordjournals.org/cgi/content/full/gkr1308/DC1)) was also destabilized. However, it required a higher concentration to unfold the DNA quadruplex compared to the M3Q RNA version ([Supplementary Figure 5B](http://nar.oxfordjournals.org/cgi/content/full/gkr1308/DC1)) although the RNA quadruplex could not be melted at 100 mM KCl (*T*~m~ = 72 ± 1 at 1 mM KCl,). Thus, the DNA version of M3Q is unfolded by TmPyP4 but not as efficiently as it unfolds the RNA version of M3Q.

Destabilization of G-quadruplex structures by small-molecules have been shown in only a few reports and they mostly involve DNA quadruplexes ([@gkr1308-B43],[@gkr1308-B45]). The Balasubramanian group has described a triarylpyridine molecule that induced unfolding of the quadruplex formed by the DNA sequence found within the c-kit promoter, a structure that based upon the reported *T*~m~ is significantly less stable than M3Q ([@gkr1308-B43],[@gkr1308-B57]). Destabilization of a d(CGG) repeat in presence of TmPyP4 was reported by the Fry group.([@gkr1308-B37]) Additionally, Fry and coworkers ([@gkr1308-B45]) have shown that the interactions of an RNA quadruplex forming motif r(CGG)~33~ were destabilized by TmPyP4, however, according to the authors the nature of the secondary structure that this sequence adopts is still rather unclear.

CONCLUSION
==========

The functional consequence of the M3Q G-quadruplex destabilization would result in increased translation of the reporter mRNA. *In vitro* biochemical and biophysical data presented in this report indicated destabilization of the M3Q G-quadruplex which may be valuable for other G-quadruplexes that regulate translation. The findings of this report can be useful in cases where up-regulation of genes may have a therapeutic benefit.
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